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JBT^BOUNDARY QORRIOTIONS" TO THE- :I)pWlWASH BEHIND POWERilD 
MODBIiS IN .RECTANGULAR WIND TUNNELS WITH. NUMERICAL 
VALUES IPOR 7- BY lO-FOOT CLOS.ED .WIND TUNNELS 
By Robert S, , Swjans.on and : Marvin J, Schuldenfrel 

' *" summary'. 



Methods, are presented for determining, the jet- . 
boundary corrections to the dpwnwaeh "behind models in 
rectangular wind tunnels. .,-The methods take into account 
the .tunnel dimenslonsi- ..the type of jet, the span loading 
of the model, the geometric position of the wing and of 
the tail in the tunnel, the di eplacement of the wing wake, 
and the effect of the sl,ipstream. 'A correction to the 
lift of the wing due to the ■curvature of the streamlines 
was determined from the downwash correction calculations 
and is included in the appendix. Numerical values of the 
dovrnwash correction factors for 7-t hy 10~foot closed wind 
tunnels are presented in the form of graphs. 



INTRODUCTION 



The- influence of the jet houndariep upon the down-* 
wash at the wing and behind the wing has been rather' ex-- 
tensively investigated from theoretical considerations 
and the theory has been roughly checked by experimental 
^ata. The general method of determining the correction 
factors to the downwash behind a wing in a rectangular 
tunnel wafe-. first given by Glauert and Hartshorn (refer-' 
enoe 1)." Although these authors gave the formula for 
an exa.ct solution for the induced upwash velocity due to 
any given image of the vortex system assumed to replace 
the;wing, they sumaed up the effect of all the images by 
the 'use of an . a^proximat e formula, valid only for models 
that are very small relative t o- the size of the wind tun- 
nel. The experimental checks presented were also for 
relatively small models,- .The calculation methods of ref- 
erence X were further developed and refined in references 
2 and S. 
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The factors usually considered in downwash-^correcti on 
Calculations are the, tunnel dimensions, the type of jet, 
and the geometric position of the wing and tail in the 
tunnel. The wing is usually replaced hy a siiwple horse- 
shoe vortex with an effective span approximately equal to 
the theoretical distance "between the completely rolled-up 
trailing vortices. 

The additional factors considered in the present in- 
vestigation are the effect of the displacement of thf 
vortex sheet, the effect of nonuniform span loading, and 
the influence of the slipstream. The methods necessary 
to determine the effect of all the various factors con- 
sidered upon the corrections to the downwash angle and 
wake displacement are presented and discussed. Corre- 
sponding corrections to the measured pitching momenta, 
the elevator hinge moments, and the elevator free-floating 
angle are presented, A correction to the lift of the wing 
due to the curvature of, the streamlines was determined by 
use of the downwash correction factors and is given in 
appendix. A., Theoretical valuiss.of the various correction 
factors, for 7- TDy...lO-f bot closed wind tunnels are also 
presented. 



THEOEY 
General Solution 



The jet "boundaries impose certain restrictions upon 
the air flow around a model. The known conditions to "be 
satisfied are zero normal velocity at the boundaries for 
closed-type wind. tunnels and constant pressure at the 
"boundaries for open-rtype wind tunnels. It has been shown 
(reference 1) that the boundary conditions may be satis- 
fied by replacing the boundaries with a doubly infinite 
pattern of images of the model vortex system. 

The image arrangement for a closed rectangular wind 
tunnel is illustrated in figures 1 and 3, (See reference 
3 for the image arrangement for open-type tunnels,) In 
figure 1, a three-dimensional drawing, for simplicity the 
wing is shown on the center line of the wind tunnel. In 
figure 2, a three-view drawing, the wing and the tail are 
shown located off-center, as in the general case. The 
axes used are indicated in the figures and the terminology 
used in this paper is given in appendix B. The Wing is 
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replaesed by a simpl^e. horseshoe vortex, in the figures and 
in most of the following calculations. Any actual ' non- 
uniform lepan lift distribution may. he. built up of. several 

simple horseshoe vortices of various spans and .Btrengths, 

The problem of determining the numerical values of 
the vertical velocity w Induced by the Jet bovindaries 
may be solved- by calculating the vertical velocity due to 
each separate image and then summing-up the effects of 
all the images. Inasmuch as the effectiveness of the 
images decreases rather rapidly as their , distance f.rom . 
the actual wing increases, the effect of only a few of 
the more important images need be calculated. This method 
is necessary because no simple, exact., convergent series 
representing the effects of the whole doubly infinite 
system of images has been found. In reference 1 a_ fairly 
simple series is presented ,that is valid only for the 
case when the tail length ajid the vortex semispan dis- 
tances are approximately eaual and are quite small com- 
pared with the distance to the first set of images, For 
larger models (relative to the tunnel) the errors in- 
volved may become quite largis, as was shown in reference 
3, . . 

The total vertical velocity induced at the 

tail position x,0,0 by a simple positive image horse- 
shoe vortex (positive image indicates an image similar to 
model vortex) located with the center section of the lift- 
ing line at 0,y,z is given by 
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r circulation strength of horseshoe vortex 

X dls.tance from lifting line, of Image to tail position, 
parallel to. X axis 

7 distance to center section of image lifting line, 
parallel to T axis 

z distance to image lifting line, parallel to Z axis 

s semispan of simple horseshoe vortex 

This formula is identical v;ith that given in reference 1 
except .for signs, since downwash was considered positive 
in reference 1 and in this, report upwash is considered 
positive. The tota,l houndary-'induced upwash velocity 
*total given In equation (l) for a single image and 

must TDe suEi'med up for all ijnai°;es in order to determine 
the complete downv;ash correction, 

The upwash velocity at the center section of the 
lifting line of the wing ^a^^, given hy the first 

set of terms of equation (l), that is, hy the tefms that 
are independent of x. The other two sets of terms give 
the additional upwash at the center section of the tail 
, that is, the increase in upwash velocity at the 

C f 3 • 

tail over that at the center section of the wing. In 
order to calculate the correction to the measured pitch- 
ing moments, the additional upwash with respect to the 
average wing upwash should "be used rather than the addi- 
tional upwash with respect to the center-section wing 
upwash. This additional upwash with respect to the aver- 
age upwash across the wing is found from the total upwash 
^total average wing upwash as follows; 



^'aw ^'total ' ^w <2) 



It will later he shown that this expression for Wg^^^ may 

he used only for the power-off case and must be modified 
for the power-oh. case. 

Several calculations shovred no appreciahle difference 
between the correction for the center of the tail and the 
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average correction for the entire taiX for representative 
models in 7- "by 10-foot closed wind tunnels; hence, for 
simplicity, the upwash velocity will be calculated only 
for the center section of the tail. Calculations for a 
7- "by 20-foot tunnel ,. however , indicate that an appreci- 
able difference between the tipwash at the center section 
and the average upwiash across the tail might he expected 
for some model^rtunnel arrangements. 

In general, It is necessary to calculate the value 
of WtotaJ, ^'w each image vortex and then to 

sum up the effects of all the image vortices. In practice 
the Calculations are considerably simplified becatxse 
^'total ^® calculated as the sum of ^c.a, 

Wg^ ; and Wq.s » ^si'^S independent of x, need be eal- 

culated only once for all values of x. Simple summation 
formulas (see equation (20) of thi's paper) may be used to 
calculate the values of w_ „ , The usual average wing 

w • 5 ff 

correction w^, is generally already available or can be 

determined from reference 3, Also, as previously men- 
tioned, the Calculations of w_ (equation (31)) need 

®c.s. 

be made for only a fev; of the more important near-image 
vortices. It is seldom necessary to compute the effect 
of an image farther than five images away; the relation 
between the height and the width of the tunnel, however, 
determines how many images must be considered. 

In order to determine which images are important, 
the upwash velocity due to several images was calculated 
for a point 3 feet behind the lifting line of a 3-foot 
semispan horseshoe vortex at the center of a 7- by 10- 
foot closed wind tunnel. The calculation was made to an 
accuracy of approximately one-tenth of 1 percent of the 
final summation va3,ue (fiVe decimal places). Inasmuch as 
a case. with the wing on the center line of the tunnel was 
selected, only zero and positive values of li and m ' 
(see figs. 1 and 2) had to be calculated because the sign 
of the integers does not affect the absolute magnitude of 
the upwash velocity and the upwash velocity for the nega- 
tive values of n or m is therefore equal to the up-' 
wash velocity for positive values of n • or m. 

The value of the upwash . vel oclty , converted to' the 

nondimensi onal correction factor So , is given in 

^c . s , 

table I for each of the images where 
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(3) 



since 



r = 




The symbols used in these equations, which were not pre- 
viously defined, are ■ 



C 



tunnel area 




free-stream velocity 



S wing area ' , 
Gj^ lift coefficient 

and the angular correction is determined from the correc- 
tion factor "by 



v;here At is -small and is assumed equal to its tangent. 

The symhols 6 and w may he suhscripted as indicated 
in appendix B to apply to any component of "boundary- 
J.ndueed upwash. 

The sign of the upwash correction factors for values 
of upwash correction factors less than 0.00001 is given 
in tahle I to show that the summation is at least reason- 
ably accurate, since approximately as many positive zeros 
as negative zeros are present. An additional correction 
due to the neglected images could he determined hy the ap- 
proximate, formula of reference 1 hut was not considered 
necessary because, hy- m.eans of a careful sele'ction of the 
important images, practically the same summation was ob- 
tained with a few images as with the entire pattern of 15 
images. The important images selected for a 7- by lO-foot 
closed yind tun.nel. are indicated in table I. The summa" 
tions obtained by the use of both the pattern of 15 images 
and the pattern of important images, are also given in 
t ab 1 e I . • 




(4) 



Jl 
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Modifications to General Solution 

Span loading ." The span of the 'simple horseshoe 
vortex, which is assumed to represent the model for. pur^ 
poses of Calculation, is usually taken to he approximately 
the distance "between the tip vortices of the completely 
rolled^up vortex sheet. The complete rolling-up process 
Occurs quite slowlyj as mentioned in. reference 4, and 
prohahly would seldom he accomplished in ordinary wind- 
tunnel operation. Thus, the actual loading along the 
wing span should he used for the accurate determination 
of the jet-»houndary corrections. 

The average houndary-^induced upwaah velocity at the 
lifting line,- as calculated for 7r hy. 10-foot closed wind 
tunnels hy the methods of reference 3, usually has a 
numerical value lowerthan the value calculated by use 
of the actual span load distribution because the upwash 
velocity is averaged across the assumed effective span 
rather than across the actual span. An empirical rela!- 
tion between the actual and the effective model span was 
determined in order effectively to average' the upwash 
velocity across the actual model span. Use of this empir- 
ical effective span gives numerical values of w^, In 

good agreement with the values obtained by use of the 
actual span loading. The effective span for plain wings 
in a 7~ by 10-.foot closed tunnel should be about 0.9 times 
the 'actual span and for partial-span flaps should be about 
equal to the actual flap span. 

In order to account for the marked changes in span 
loading due to partial-span flaps, the correction is 
broken into two psirtsi that is, 

where 

(50j|)^- product of correction factor due to wing and 
increment of lift coefficient due to wing 

(SOj^) product of correction factor due to flap and 
■ increment of lift coefficient due t o flap 
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This addition of the. effects of the ving and the 
flap wiXl "be assumed t'o'have "been madB in the 'fallowing 
Iforauiast h'ovffever, diily the product- .(6 Or ) will "be- 

indicated. In many, case.s the correction factor. 6 will 
"be very. ne.arly equal for'.the wing and for the flap, and' 
a B.ingls value may ther.ef.pre. be used with satisfactory 
accuracy. ' ' 

■ Wake di splapement . - An addi'tional correction to the 
downwash is necessary because, of th.e displacement of the 
wake or slipstream In the tunnel. The free-^air displace- 
ment, of the wake or slipstream center line is usually de-r 
creased hy the ."boundary.-'lnduced upwash. in a closed tunnel. 
As the stability and control characteristics of airplanes 
of'-t-en depend critically upon, the position of the wake or 
si'ipstream with -respect t(0 the tail surfaces, this 
"baund^ary-indnced di splaceme.nt must, he determined. The 
di sp-l-aoement- z' of ^th.e. .wake, ,or. slipstream at a position 
-X ■ ir& free. air is determined as . 



t an e dx 



^ T , E , 



where e is the angle of inclination of the wake or slip- 
stream at each point hetween the trailing edge of the wing 
or propeller disk and x, Because the angle € will he 
different in free air and in the 'tunnel, the boundary- 
induced displacement is, to ,a first approximation, 




tan e dx 



where e +-/ie is the measured inclination at each point 
the wake or slipstream center line' and. Ac ' is the 

' angle at that point. Unless £ is very large 



on 

corrected 



it will usually "be satis.f act ory to determine Az' as 



A z ' = / A £ dx 

••Vt.b. 



(6) 



The .correct! on to the di splaceraent of- the v/ake center 
li.ne at each point x may. also "be considered to "be the 
correction to the displacement of "all point s "having an 
ordinate equal to^ x except for .the points lying in the 
slipstream. A similar correctlo.n to the slipstream dis- 
placement must also Tje applied. In general, the angle 
A£ will 1)e different for the w^ke and for the slipstream, 
and the resulting displacement will be ' di f f erent . 

The 6,omputed "boundary-induced displacement at the 
tail .for a typical l/E-.scale powered model in a 7r "by 10-- 
foot " closed tunnel amounts to a"bout 0,7 Oj, inch, or 3."5 Oj, 

inches on the full-scale airplane. Near maximum lift the 
correction thus "becomeF! fairly lar^e. 

The correction may "be easily . applied only t o downwash 
measurement-s , The measured pitching moments must -also "be 
corrected, however, "because the displacement of the wake 
or slipstream may be large or the tail may "be so criti- 
cally located that g. small change in location would. change 
the tail effectiveness a great deal. This additional 
pitching-^mopent correction can "be applied only "by caldu- 
lating the additional change , in angle A€ ^ i , occurring 

in free air (from the charts of reference 5), due to the 
change in vertical location A z ' of the tail vrith respect 
fo the wake, For a powered model, actual downwash meas- 
urement "behind the model,- or a similar, model, must "be^ 
used to estimate A^^t. 

Distortion and rolling-up of vortex s heet . " The vfing 

is represented "by a series of simple horseshoe vortices 
extending uniformly downstream to infinity. The actual 
vortex, sheet, of the wing is known to "be,, di splaced verti- 
cally downward as well as rolled up after it leaves the 
trailing edge of the wing. Some modifications, to the 
corrections must "be made to account for the deviation -of 
the actual vortex sheet fyom the assumed vortex sheet. 

In the determination of the downwash "behind a wing 
the distortion of the vortex sheet may usually "be accounted 
for "by simply considering the entire vortex sheet to "be 
displaced vertically "b'y an amount equal to the displace- 
ment at the tail position of the center section of the 
actual distorted vortex ' sheet , ' The rolling-'up of the 
vortex sheet may generally "be neglected (reference 4). 
Because this modif ica'ti on is usually sufficiently accurate 



10 



to 136 used in determining. t.Tie firstr-order eff.e-ct, the ac- 
tual downwash iDehind a wing, it- would appear to te suffi- 
ciently accurate to be: used in determining the effect of 
the. j-et 'boundaries upon, the downwas.h,. • • • 

X.n the determination, of jet'-boundary correct ion-s ,. ■ 
the problem is- somewhat different- from the problem of- de- 
termining the actual downiirash behind a wing, be.cause the 
point for which the induced velocity is being oomput-ed 
is at. a- great distance from the image vortices, For this 
case- the tip vortices are of greater importance and, as 
the di splacejnent of the tip vortices is very, slight Cref-^ 
eren.Qe 4), a s.omewhat smaller displacement of the vortex 
sheet than that indicated' by the. center-rseotion displace- 
ment, should be used. 

The 2 ent err s ect ion di s.placement may be determined 
from reference 5, A very', approximate calculation is,, how 
ever, sufficiently accurate, for this modification,. The 
angle of inclination of. the center of the. wing wake for 
a .lift coefficient of unity is approximately 0,1 radian 
for normal aspept ratios 'and ta,per rati.os and for wing 
flaps v.'ith a span ratio greater than 0.6 the wing span. 
For very short partial-span flaps, the wake angle is ap- 
proximately 0,2 radian. 

The problem is nov; merely the determination of an ef 
fective height d, the distance the' lifting line must be 
assumed to be above the center line of the tunnel to ac- 
count for the vortex-sheet displacement. This effective 
height d then replaces the actual height in the caleula 
tions of the Jet-boundary corrections. 

If an effective displacement of about . one-half that 
at the center section is assumed to give reasonable ac- 
curacy in determining the jet-boundary corrections, the 
effective height to be used will be: 

d = dg - Ad (7) 

where 

Zid = 0, 05 Oj^ X 

or, for flap spans of less than 0.6 the wing span, 
• - Ad = 0.1 Cl k 



I 
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and dg • is the geometric height of the origin of the tip 
vortices aljove the tunnel center line. The origin of the 
tip vorticeB may be assumed to be located at the Wing 
trailing edge of the 0,9 eemlspan. station. 

Effect of slipstream .- Tl^e jet-boundary corrections 

are altered rather markedly by the slipstream, especially 
when the slipstream velocity ratio is large, The slip- 
stream changes the span load distribution, changes the 
distortion of the vortex sheet, and adde a stream func- 
tion (that Qf the slipstream itself) to the conditions 
that must be met at the jet boundaries. The main effect 
of the slipstream is, however, to decrease the correction 
to the downwash angle inasmuch as a vector addition rather 
than a scalar addition of the jet-boundary induced upwash 
velocity with the slipstream velocity is required for the 
case where the point in question (the tail) lies inside 
the slipstream. The effect of the vector addition will 
be considered when the angular corrections are determined. 

The problem of determining the boundary-induced up- 
wash velocity for a model with a slipstream is essentially 
the problem of determining the upwash velocity due to a 
doubly infinite pattern of the image models, each with its 
slipstream. No adequate theoretical method of computing 
the increase in downwash behind an airplane due to a slip- 
stream is available. At the rather large distance (in 
the y and Z directions) from each image that it is 
desired to calculate the boundary^-induced upwash velocity, 
the main effect of power probably is the upwash velocity 
caused by the jet boundaries of the inclined slipstreams; 
that is, when the propeller is inclined to the air stream, 
the slipstream will have a component of flow (the free- 
stream flow) normal to it. This component of original 
flow across the slipstream will induce an upwash velocity 
inside and outside the slipstream. The induced upwash 
velocity outside the slipstream may be calculated for 
each image by an extension of the methods presented %7X 
reference 6. It is necessary to assume a slipstream with 
twordimensional characteristics for the calculations. 
The final formula, including the summation factor for the 
7'^ by 10.-foot closed wind tunnel, is as follows: 



w 
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^a/^o - ^ sin 3C 
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(0. 044) 



(8) 



where 

r,9 position, of a, .'point With respect to center, line of 
a two-dimensi.o-nal, slipst.ream " ' 

q.g dynamic pressure- in slipstream.. - . 

q^j . free-stream, dynamic pr,essure. 

e_ . inclination .of. slipstream,, radians . , 

'Numerical values, of the ihcremeiit of jet-toundary 
'ihdu'ced' ulpwash velocity Wg- due to the inclined slip" 

stream calculated f rom . eq.uat i on (8) agree very well with, 
the values bf the increment 0^,1 o^ilat ed ty the simple, 
method of using the increinent oif. lift due to the propel-, 
ler, and' the correction factors involved for power-off 
conditions, at least fo.ip .conventional single-engine air- 
plane" models . Thus, for simplicity, it is suggested that 
the total power-on lift coefficient and the powgr-off 
correction factor te tised to calculate the total "boundaryr- 
induced upvash. . 
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• DoWnwash-angl e correcti on.- The correction to the 
downwash angle is. o"btained from the total upwash velocity 
and the local velocity at the particular point. The cor- 
i-edtion is given in the following equation (for , small 
angles) rearranged, to simplify the calculations: 

^ , ^tot^l ^ X ^total ■ (9) 

If the- point for \tfhich the correction is. to 1ie det^rminied 
is inside the slipstream, the velocity Y .heoames Vg 

and, if outside the slipstream, Vq.- The correction given 

in equation (9) transferred to correction-factor form and 
converted to degrees is 



(Stdtal Cl^) I (57.3) (lO) 
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since 



T/7o 

and XSj;,^ is the power-on coefficient^ 

The ratio q/cLq is determined, for the point in 

question, from the pi tot head used to measure the angl.e 
of dpwnwash". The factor is determined for ihe 

.particular point In question (located at x x x and" 
z = d^; ) for a gimple horseshoe vortex with a span equal 

to the effective span (for the wing and the flap). If 
the point- for which the downwash-rangle- correction is de-^ 
sired does not lie in the plane, of, symmetry, the value of 
the correction factor for the point in the plane of sym- 
metry may be used for most modelt-tunnel arrangements with 
satisfactory accuracy. Valuers of S, ^Lp • ^""^ ®total 

depend upon the model used in the tests and values of', 
^total' ^'•^p' *l/*lo vary with model attitude. 

Correction for displacement of wake or slipstream . - 

The correction to the displacement of the wake or the 
slipstream may T5e determined from equations (6) and (10) 
in correction-factor form as 



JT,B. V^/<1o ^ 



c 



where q/qQ and ^total ^''^^ functions of x^ This dis- 
placement correction is fairly large and is important for 
conventional powered models. 

Pitchingrmoment correct i on . r The angular correction 
to "be used in determining the correction to the pitching 
moment:S is .the difference in the 'boundary'^induced air- 
flow angle at the tail and the average houndaryr'lnduced 
air-flow angle over the wings: 
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(12) 



The average upwash velocity w^^ at the wing is also 

determined from tije power-on -lift 'coefficient. In refer- 
ence 7 it is suggested that the pother-off lift coefficient 
be used to determine the upwash velocity at the iiring be- 
cause, far most single- or twinf engine airplanes, the in^- 
crease ,in the lift due to the slipstream- is primarily due 
to an in.Qr,ease in local velocity over- the wings r-ather 
than to a marked increase in the circulation of the wing, 
although 'the circulation di striTJutlon is' altered "by the 
slipstream. Thus, for practical purposes, the same system 
of sirap'le horseshoe vortices could be used to represent 
the wing iv'ith or without a slipstream, and the lift coef~ 
ficipiit of -the wing measured without power could be used 
to compute the boundary-induced upwash velocity at the 
wing due to the vortices. The Jet effect of the inclined 
slipstream was neglected, in the arguments of reference 7. 
A few approximate calculations based on equation (S) hav- 
ing Indicated that the effect of the inclined slipstream 
may be roughly approximated by using the power-on lift 
coefficient instead of the power-off lift coefficient, 
this procedure will be used in this paper. 

The correction to the measured pitching moments of a 
powered model depends upon the power-on lift, the correc- 
tion factors, the slipstream velocity at the tail plane, 
and the stabilizer effectiveness. The correction is de- 
termined in the form 

AOm = ^«0j, (^1^) 57,3 ■ (13) 

where ^€ q is given in equation (12) and dC_/di* is 

the measured stabilizer effectiveness for the given con- 
ditions. 

In general, both ^^Ojjj and bO^/bi^^ are functions 
of or angle of attack q, and both may be computed; 

it is, however, more accurate arid usually simpler to de- 
termine dOjjj/dit experimentally. If air-flow surveys 
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are not avatla'ble, t-he average velocity ratio may "be de- 
terninea, to a first approximation, by U8« of dflj^/di^- ^ 

as a function of Gj^ as follows; • 

If the tail does, not' lie in the wing or fuselage 
walce» . the. power-^of f staliilizer. effectivenesa .may T?e used., 
for the free-^stream sta"bilizer effectiveness. It may "be- 
necessiary to plot the power-off sta'bilizer effectiveness 
as a function of lift coefficient and to extrapolate to 
a"bout zero lift, or even to some negative lift where the 
tail may •■"be considered out of the wake, 

'• When equation (13) is converted to correcti on-r-f actor 
form, the angular pitohi.n^r-'moment correction in radians 
is- ' ■ • ■ 



and equation (13) "becomes 



av 



=(Hotal%)^^,-(5^0i,^)^_^^ 



f iirP'-^ (16) 



The added correction due to wa-ke or slipstream displace- 
ment is not included in this formula and must "be sepa-* 
rately determined^ 

The values of the correction factors are for the ef- 
fective span and the effective height of the lifting line 
above the tunnel .center line. The value of x to "be 
used in determining ^total equal to the distance "be-r- 

tween the ..quarter-chord point of the wing and the three- 
quarter-chord point of the tail, "because the three-q.uarter 
chord point is the "best measure of the effective angle of 
attack of the tail (reference -8), 
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.All. .factors in equa,tion (16) should "be ctetermined as 
ftmctions of the tunnel angle of attacks and the final 
correction will he a func-t'iori of the tunnel angle of at- 
tack. A simple straight-line expression for the correcr- 
tion may usually he determined in the form of 

■ ■ . • A'Om = I? •+ "Eitt ■ 

where the values pf K aaid K.^ depend up.on the paPtic-r 
ular power' and model condition. For closed.-'type wind 
tunnel's the pit ching-m^oment. correction is to he added to 
the experimentally determined v.alues of C^j, 

■, Elevator-free angle oorreetion .'- The. measured free-- 
floating angle of the elevator for elevator-free tests" 
will he in .error due ,t p the ^et^^houndary effect. The 
correction is .d®* ^^'^1'^®^ a manner.' .similar to that for 

the pit ching-moment correction. In fact, the correction, 
angle Cju ■'•^ ''^sed to determine the el ev at or-rf re e angle 

correction. It is necessary to make elevator-free tests 
at two- stahilizer angles and thus to determine 56g/Si^ 

(and -dCjjj/dit) as functions of Oj^. 

Then the correction to the measured elevator-free 
angle will he 



and to the measured .pitching moment 



where bO^^/bi^ Is for the elevator-free conditions. 

Elevator hinge-moment cor recti on . t The measured ele- 
vator hinge moments! will also he slightly in error hecause 
of jet-houndary effect . The effect is usually quite small 
and often within the experimental accuracy of the measur- 
ing equipment. The general method of attack is similar 
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to the method used, to determine the pltching,-o)O.Biezit cor- 
rection. The elevator hinge-moment correction 

^°i^e = ^^0,(^^>7,3 (19) 

where bG-^ /^it determined e^cper iaentally or 

calculated approximately as desired, 

Streamline-rcu,rvature correction , rr An estimate of the 

streamline-curvature correction to the lift of the wings 

was made by use of the downwash correction factors and is 
given in appendix A, .. 

humiIrioai, values op 5 
for 7- by 10-poot cl0se3d, wjnd tunnei. 

The numerical values of the jet-^"b oundary corrections' 
will he given in the form of the usual correction factors, 
(S ee eauations (3) and (4),) In order to calculate the 
correction factors it is necessary to determine the av- 
erage upwash velocity at the wings, the upwash velocity 
at the center section of the wing, and the additional up- 
wash velocity at the tail plane w_ due to the in- • 

fluence of .. the Jet "boundaries upon the wing, 

The average upwash velocity w^ is the value of up- 
wash velocity generally used to determine the corrections 
for induced angle of attack and induced drag. Methods of 
computation are adequately described in reference .3, 
This average upwash velocity should he calculated for. 
various values of vortex semispan and for several offt 
center positions of the lifting line in the tunnel, Hu^ 
merioal values of the correction factor 6^ are given in 

figure 3 for the 7- "by 10-foot closed wind tunnel. As 
previously mentioned, the accuracy is increased by the 
use of an effective span of about 0.9 the actual span for. 
wings and an effective span, equal to the actual flap span 
for partial-span flaps.. 

The upwash velocity at the center section of the 
wing ^c,s. tf&,lculated from the first -terms of equatio 
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(l)'or "by the f oil owing^^equati on in which na is su'bsti- 
tuted for y , mh + (-1). d, for z.., and the n.e.cessary 
summations are indicated; ., , 



n m 

na s 



(n.^ sO» + (mh +. (-I)"' d)a 



na + s 



(na + a)? + (inh + <-l.)"' d)^ 



]} 



(20) 



The integers, n and m take the positive and negative 
values • that define the -important image tunnels. 

The cent er^s ectl on upwash velocity should also "be 
calculated for various vortex semisp;ai3.a and^ several off- 
center lifting-line positions. Numerical values of the 
correction factor " 5„ _ are given in figure 3 for the 

-7-! "by 10-foot clpsed wind' tunnel. 

The increase in the upi^ash velocity at the -tail 

plane over the -upwash velocity atthe center section of 

the iA?i-ng ■ must' "be calculated.- . The last terms of 

c « s • 

equation (l) or the following equations, fpr which the 
suh stifuti ons of na for y and ■ mh + (r-l.)"* d d^ -for 

z have already "been made', mfey he used for the calcula- 
tions. .The values n and m are for the important,., 
image tunnels. 



Yrr 



.A^; ■ • U Lyrna-.s)3+:e8+(mh+(-l)^d-dt)3J 

^ [ x^+.(mht(-l)"^a-dt)~ (na-^s)^+(mh+(^l)"'d-dt -)^] } . 



•"|Ls/(na + '8)2 + x3 + (mh + (-I)"" d - dt)^. J ■ 
^ LxMnih+(^l )'"d-dt.7^ (na+s )^+ (mh+ (^1 jVd.^ )^]^ . ^^^^ 



— o 
H 
H 
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where d.^ is the height of the tail ahove the tunnel. 

jjenteir line. The nuiaerical values of upwash velocity are 
the same' for negative as for positive values of n. The 
calculations need, not therefore he repeated for hoth poa-r 
itive and negative values of n. Values of additional . 
upwash Wa« „ for various vortSs: spans and tail lengths 

"^C '■ s « 

for several off-oenter positions of the lifting line and 

the tail should he calculated, Numerical values of the 

correction factor 6n for ti"-© 7- 'by lOrrfoot closed 

c.s. . • . ., ■ 

•wind tunnel are. given in' figure , 4, , 

The total upwash correction factor 

• ; Hotal ^ ^C.s. * ^ac,s, 

is given ixi figure 5 and is the sum of ^c,s, .from fig- 
ure 3. and 6a„ from figure 4» 

METHOD or APPLYING CORREOTIOFS 



The st ep-hy-st ep procedure for determining the cor-^ 
rection.s to the downwash angle, the wake and slipstream 
location, t.he pitching moment, the elevator free-floating 
angle, and the elevator hinge moment is as follows! 

(The curves presented in the figures referred to ap- 
ply only to a 7- hy IC-fpot closed wind tunnel*) 

,1, The "boundary-oorrect-i on factor is det&rmined 

■from figure 3, the value of effective semispan s "being 
taken as 0,9 the wing semispan for the wing correction 
and equal to <the flap semispan for the flap correction. 
The value of d is equal to dg , the vertical height of 

the .tip vortices (trailing edge of the 0.. 9 semispan sta- 
tion), 

2, The effective height of the lifting line above 
the tunnel center line is obtained from equation (?) in 
which the value of d„, was determined, in ste'D 1, as a 

function of- angle of attack. The value of 8.tQ.tal' 
then determined from figure 5 for the proper' values of ' 
d.^, d, and x,. As the value of ^total varies with 
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model attitude, Stotal must TDe determined as a function 
of model, angle ■ of at.taclc. In case of a flapped wing, a ■ 
similar ■calculation to determine ^total to *l^e 

flaps must also be made, ■ 

3. Prom power-off and po\^er-on curves of bO^/bi^ . 
as a function of lif t. coef f.i pient, the value of (q/qo) 

may Tae determined from equation (14). If dynamic-pressure 
surveys are to be made,, the value of. q/q© will be avail- 
able from the surveys. * 

4. The correction' to the downwash angle is found by 
substituting into equat'i on , (lO ) the value of q/qgi the 

wing and tunnel areas, S and C; and S^gt^l ^® found 
in steps 2 and 3. This downwash^-angl e correction is in 
degrees and is added to .the measured downwash angle; 
that is, the downwash angle measured in "a closed vrind 
tunnel is loxver than it would be in free air, 

5. The correction to the wake center'r-line location 
(or the slipstream center-line location) Az' at any 
point X behind the model is found from equation (ll) 
where the value of S^otal ^ function of ,x is ob- 
tained from figure 5. The value of 6.^ to be used in 
determining S^q.(.^]_ is equal to the distance of the 

wake or slipstream center line above the center line of 
the tunnel. The wake correction may be- applied, as a con- 
stant vertical displacement of all points outside the 
slipstream having a horizontal ordinate equal to x. The 
slipstream correction may be applied to all points inside 
the slipstream. The corrections to the wake location arid 
to the slipstream location will, in general, be different, 
(Two corrections to the angle of downwash have. been cal- 
culated. One of the corrections changes the angle of 
downwash at ea.ch point and the other correction effectively 
changes the vertical location of that point with respect 
to the airplane. The displacement correction is some- 
times more important than the down\irash-angle correction 
for some powered models,) 

6. The correction to the pitchi ng moment ACjq is 
found by substituting the values of vTq/qoTg^, ^Lp » 

8total» ^w' ^^'^ ^^m^^^t equation (16). The values 
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of these factors are exp eriffien'taliy determined (or esti- 
mated :l.f iile:Cessary ), .as. : f:ii.n.At:i.o-n5 .erf, the .tunnel- angle- o.f 
attack. V.alues' for ^^'^ ^total were deteriai'ihed in 

steps 1- and, 2 and foT </ (<i/<lo^ . - ^P- step 3. The final 

corifection as ohiainei from eqiiation (l6)"will Jbe- .a funa-. 
tion of tunnel; angle of attac'lc. -The or recti on i-s.. t o . -be-.-, 
.addp^d to . the. measured' pitching moinfent s ;. f or BlOR'ed-type.' . 
wind tunnels. . . ■ . - . ■ .." ; ■ 

7',. An' addlti onal oorrec'tiori to. the' p.ilt:ching m.onKent' 
.iaust "be- made fjpr th-e wake or the slip^'tfeam 'displacement.' 
caiculated in step (5); that is, an addi t i onal ,q orrect ion 
angle, Ae^i. ..must he calculated.. This correction corire-T" 

spending t'O. the change, in vertical location of the "tail ■ 
Az' -with respeot to the wake is. calculated from the 
charts in reference 5, or. from dov.'tiwash surveys of the 
same, or of l-similar powered models.. 

. 8, . The corrections for the measured elevator free-' 
floatii^g angle.. Z15g and. the pitching moment AOjjj are 

given-hy equations (17).- and (18) with the value of ^^C^ 
as- calculated .in step 6, (The value of calcu- 
lated in step 7, may he added to. Aen t) 

^'m 

9. The correction to elevator hi nge'-moment coeffi- 
cient hGy, is given in equation (19). The values of 

ACQjj^ ahd . ACgi are the sam.e,as that used in step 8, 

d'ONGLUDIlTG REMARKS 



The methods presented may he used to determine the 
jet-rhoundary corrections to the downwash angle, the wake 
and slipstream location, the pitching moment, the elevator 
f re e-f 1 Cat inig angle, and the elevator hinge moment for 
powered models tested in rectangular wind tunnels; Numer- 
ical values of the various correction factors were pre-r 
sented for 7- hy lO-fopt closed wind tunnels. The methods 
were presented and discussed in some detail, The direct 
effect of the slipstream and the secondary effects "of the 
Jet-houndary induced wake or slipstream displacement upon 
the measured downwash and the measured pitching moments 
have heen shown to "be important and should not he neglected. 

Langley Memorial Aeronautical LalDoratory, 

National Advisory Committee for Aeronautics, 
Langley Pield, Va, 
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APPBinDiX- A • 



STHEAMLINE-CUHVATURE CORRBCTI OK; TO THE LIFT OP WIN&S 



Inasmuch as the Induced iipwash velocity varies with., 
the distance f-rom the lifting Xine^ there is an effective 
curvature of the streamlines.. . This curvature has the 
same resultant effect as a change in camher of the air- 
fotil. In a closed^type wind tunnel the streamlines curve 
upW'ard, thereby effectively increasing the positive camber 
of . the ■ airfoil }.; thug , t.he airfoil has a higher lift in the 
tunnel ; than it would have in -free air, The coi^rection may 
Toe -applied as a lift correction at the given angle of" at- 
tack or it may he applied iri the form of an increased 
angl e-^6.f rat t ack , CO rrect i' on . in fact, thin-wing-section" 
theory indicates that, if the streamlines passing over the 
wing chord are arcs of circles (as they are to a' first ap- 
proximation)., exactly half the correction should be ap- 
plied as a lift correction and half as an increased angle- 
of-attack correction.. The correction will be determined 
in each 'of the three ways: first, as increased angle-of- 
attack correction (with no correction to the lift); then 
as a lift correction (with the usual wing' angle-of-?at tack 
correction); and, finally, following wing-section theory, 
with half the correction as a lift correction and half as 
an increased angle-of-attack correction, . 

The change in the effective angle of attack of the . 
airfoil due to a change in streamline curvature (circu- 
lar camber) is approximately equal to the change in the 
angle at the three-quarter-chord point of the wing (ref- 
erence 8). If H is the radius of curvature of the 
streamlines, the change in angle (correction angle) in 
radians is 



A a, 



'3 0 
4 



1. c. 
2 R 



(32) 



The radius of curvature is found as follows.'- 



To a first approximation 



R = V 



(•23) 
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and 



i=l0.^ (25) 
R 0 ^ dx ■ 



The slope dS- /5x may "be determined from croae 



plots (fig, . = f(x)) from figure 4^ An approximate av- 
erage value for the 7*^ ty 10-foot closed tunnel is 

^ 0 , s 

— '- = 0.033, This same- slope, will "be assumed constant 

for all points along the wing span. 

The correction to the angle of attack (due to stream- 
line Curvature) then 'bec.omos the change in induced upwash 
between the one-quarter and the three-quarter chord' points. 
The value of the angle in radians is 

Aa3g_ = I Ol (0. 033) (36) 



The total correction to the angle of attack, in 
radians, is 

^"^total = 8w f °L + A»3C 



or , in degrees , 

^"^total = + 0.0170) |. Cl"{57.3) (27) 



If it is desired to apply the streamlined-curvature 
correction as a lift correction, the angle-of-^attack cor- 
rection in degrees will "be, as usual, 



&a a 8„ J (Gl)(57.'3) 



(28) 
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and the lif t-coef f ioient correction is approximately equal 
to 



da 



(29) 



If dGj^/da = 0.07 



ACt = -i(0.033 ) (0.07) (57»3)c -I C, 



or 

AOj^ = -0. 065c |- 0^ ' (30) 

From equations (27) and (30) the corrections to he ap- 
plied, if hoth the angle of attack and the lift coeffi- 
cient are to "be corrected, a:re 

^^-total " + 0,008c) ^ 0^ (57.3) (31) 

and 

= -0.0330 I Cl 



The numerical values given, of course, apply only to 
7- hy lO-foot closed wind tunnels. The corrections are 
to he added to the tunnel values. The lift-coefficient 
correction is ahout 1 to 2 percent of the lift coefficient 
for models of the size usually tested in a 7- by lO-foot 
wind tunnel. 



APPENDIX B 
lift coefficient 

correction :to the'Iift coefficient 

angle of attack 

oorrebtion to angle of attack 

angle of inclination ■ of dfownwash or alip' 
stream 

correction todownwash angle ^6 n l] 

jet-boundary correction factor' 

tunnel breadth 

tunnel height 

tunnel area (ah) 

integer defining number of images in Z 
directi on 

integer defining number of images in Y 
direction 

vring area 

semispan of simple horseshoe .vortex 

wing. span 

chord 

effective height of vortex system above 
tunnel center line 

height of point in question (tail) above 
tunnel center line 

circulation strength of horseshoe vortex 

velocity parallel to X axis 




dynamic pressure. 

induced vertical velocity parallel to Z 
axis 

di stance, from lifting line to point in queB~ 
tion, parallel to X axis 

distance from center section of lifting line 
parallel to Y axis 

distance from lifting line, parallel to Z 
axi s 

vertical displacement Of wake or slipstream 

correction to vertical displacement of wake 
or slipstream 

product of correction factor due'to wing 
and increment of lift coefficient due to 



product of correction factor due to flap and 
increment of lift coefficient due to flap 



change in pitching moment per degree change 
in staljilizer angle (stalJilizer effective- 



change in elevator f ree'-f 1 oat ing angle per 
degree change in stabilizer angle 

change in elevator hinge-moment coefficient 
per degree change in stabilizer angle 

correction to pitching-moment coefficient 

correction to elevator free-floating angle 

•correction to elevator hinge-moment coef-- 
f ici ent 



Turing 




ness ) 
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H radius of curvature of streamlines 

r,9 position of point with respect 'to center line 

of.a twbr.dljn,ensional sllpstxeftin ; .. , •. 

Suljseripts ! ,' . 

a addit lonal 

. . at three-quarter chord. point' 

' average ■; ; . , ■ 

s ■ .slipstream ■ ■• 

.0 free s trean 

c.s. at 'center section of wing 

Ojj' ■ pitching njoirient 

d • downwash 
t tail 
to-tal total 
w average over wing 

p 'with pov/er 

I.E. trailing edge of- wing . . 

b' due to vertical displacement 

e. ' . geometric position of tip vortices 
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TABLE I 

VALUES OP ADDITIONAL BOUNDARY- CORRECTION FACTOR 6a„ . FOR EACH IMAdE TUNNEL: 

^alues of OaQ,3, point 3 foot behind the lifting line of a ^'foot semispan horseshoe 

▼ortex located on the center line of the 7- hy 10-foot wind tunnel for positive or negative 
values of m and n less than 13. If both positive and negative values of m and n 
are considered: I^Oa- - = 0,0789^ for all image tunnels; . = 0.079l;8 for Important 

Image tunnels only; 6^ Is positive, though less than | 0.00001 | In 398 Image tunnels 

(Indicated as -t-O); 6. is negative, though less than | 0.00001 1 In ^Sk Image tunnels 

(Indicated as -O).! 
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Important Image tunnels. 
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Figs. 1,2 




r'igare I.— Three-dimensional arrangement of doublj infinite Ima^e 
pattern to sot is f/ the boundary condirions for a wing on the 
center /ine of a c/os«d rectangular tunnel . 
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Figure 3.- Boundary correction factors at the lifting line for 
7-ljy 10-foot closed rectangular wind tumxels* 
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